Abstract -An application of CDMA technique to a dedicated data collection system for monitoring and control of city lifelines is considered. This paper describes the system configuration of a 2.4GHz experimental system in which CDMA is combined with polling technique to access 256 household terminals. Results of preliminary experiments are also presented.
I. Introduction
A dedicated data collection system to monitor and control city lifelines under disaster situations has been proposed and investigated experimentally at the TA0 Hamamatsu Lifeline Research Center (HLRC). A concept of the system is depicted in Fig.1 . A two-layered polling system with a 1024x256 configuration is considered to cover a total of 260k household terminals in an urban area of about 260 km'. Experimental investigation has started with 2.1 GHz and 430 MHz radio systems for the upper-and lower-layer polling systems, respectively, and preliminary results have been reported in [ 11. In that experimental investigation, 20 bytes (B) data generated by a liquid propane gas (LPG) meter equipped with micro-computer was used as the lifeline data from each household terminal. Experimental results have shown that the 2.1 GHz radio system was capable of collecting the 20 B data from 260k household terminals in about 7 minutes, but the 430MHz radio system took about 24 minutes to collect the 20 B data from 256 terminals. This severely limited the overall system performance. Several approaches should be possible to improve the data collection time of the lower layer polling system.
To improve the data collection speed of the lower layer, an application of the CDMA technique is considered in this paper. In addition, the CDMA offers the capability of protecting the subscribers from unwanted wiretapping of lifeline data that might reveal a cross-section of private life. An experimental investigation involving CDMA has been started in April 1999. The purpose of the present paper is to describe the experimental system and facility, and some results obtained to date through preliminary experiments. 
Experimental System (1) System Configuration
The experimental system comprises one center station, one relay station, and 128 household terminals, as shown in Fig.2 . The center station collects lifeline data from the relay station via a 2.1GHz-radio system, and stores the data in a database system. The collected lifeline data is analyzed and displayed on the GIS (Geographical Information System) in the center station.
The relay station consists of a 2.1GHz-radio system, a personal computer (PC), and a CDMA base station (BS). The BS gathers lifeline data from 128 household terminals via 2.4 GHz CDMA channels in conjunction with polling technique; hence, the system is called TD-CDMA, as will be described later. The 2.1GHz-radio system transmits the data to the center station. The PC in the relay station serves dual purposes: communication control and data processing-and-storage of gathered VTC2000 0-7803-57 18-3/00/$10.00 02000 IEEE.
lifeline data in a database. The parameters of the 2.1GHz-radio system, the PC, and the CDMA channel are shown in 
(2) Core Lifeline Data
Lifeline data in this experimental system comprises the data collected from lifeline facilities, such as meter reading, alarm signals, identification codes and other additional signals. Meter reading and alarm signals are referred to as the core lifeline data. These data are extracted from the whole lifeline data (lifeline data, hereafter) gathered by the IF-U. The size of the data from each meter and the extracted core lifeline data is given in Fig.2 . In the case of LPG, the lifeline data is 42B, comprising meter readings (8B), alarm signals (8Bx2), identification codes (4Bx3), and other codes (2Bx3) [2] . The LPG portion of core lifeline data are extracted from them, and reduced to 24B by the IF-U. In like manner, 46B data of NG meter, and 44B of water meter [3] are reduced into 19B, respectively. That is, the lifeline data is reduced to the core lifeline data of 62B (=24B+19B+19B) in the present experimental system. The core lifeline data is collected periodically by the CDMA terminal via IF-U. The structure of the CDMA channels in the experimental system is shown in Fig.4 . The channels of the forward-link (Fw-link, hereafter) comprise a control channel and a data channel. In the CDMA base station, the data of the channel is modulated by DBPSK (Differential Binary Phase Shift Keying) and further spread with the codes generated by the orthogonal Gold sequences (OGS) [4] for a direct sequence CDMA (DS-CDMA). The spread data is transmitted to the CDMA terminal via 2.4GHz radio system. The data is despread with the same codes, and demodulated by the DBPSK. In the reverse-link (Rv-link), on the other hand, the CDMA channels comprise two data channels. The data is modulated by DQPSK (Differential Quadriphase Shift Keying), and spread with the OGS codes in the CDMA terminal. It is transmitted to the BS, despread with the OGS codes, and demodulated by DQPSK.
With regard to the OGS codes, the spreading code length of 64 was chosen for the Fw-link, and the code length of 128 for Rv-link. The generating polynomials are given by,
for the Fw-and Rv-link, respectively. As shown in Fig.4 , the Fw-link has four channels: (control and data channels)x(I-and Qchannels). To multiplex these four channels, four unique OGS codes were used in the experimental system. In like manner, the Rv-link used 32 OGS codes to multiplex eight terminals. Thus, the experimental system multiplexed eight terminals with the CDMA technique. Referring to Fig.S(a) , pilot signals and synchronous words are transmitted in the control channel of Fw-link, where the pilot signals are inserted in each frame. These signals provide the forward CDMA channel with a function for acquisition of timing and phase references [5] . The synchronous words, which are added only in the 4th frame, are used to synchronize the frames of the channels. The synchronous words are generated by an M-sequence with a period of 31. The generating polynomial is, Referring to FigS(b), preamble signal and synchronous words are transmitted in the first frame of data channel of Rv-link. They provide the reverse CDMA channels with the timing of spreading codes and frame timing, respectively. The polynomial of the synchronous words is the same as for the Fw-link.
To maintain signal powers coming from the individual terminals to the input port of the BS at a reference level, the closed-loop power control technique was employed. The power control signal is sent in the control channel as shown in Fig.5 (a) . The time allocated to the power control is every 2.5ms as shown in Fig.S(a) .
The forward error collection technique [6] was employed for the data channels of the Fw-link and the Rv-link. The convolutional coding and Viterbi decoding were used. The convolutional code rate (r) and the constraint length (k) are at 1/3 and 9, G(x)=x' + x * + 1 (3) To suppress burst error, an interleaving technique [7] was employed. A block interleaver, which is the memory with span N=48 and depth 1=32 as shown in Fig.6 , is incorporated in the data channels. Encoded data is loaded into the memory along the span N , and read out along the depth I to scramble the bit-array of the data. Requirements set for the experimental data gathering system were: (1) the number of terminals accessed by the BS was 256, and (2) the bit error rate (BER) was 1~1 0 -~ or less. In order to meet these requirements, a combined technique of CDMA and TDMA has been proposed and investigated. In the CDMA part, four orthogonal codes were employed for the Fw-link, and 32 orthogonal codes for the Rv-link, as described in the previous section. Since four channels are used in the Rv-link to transmit the data from a single terminal, the CDMA allows the simultaneous access to eight terminals. To achieve the access to 256 terminals, a time division multiplexing technique operated in a polling mode is used in conjunction with the CDMA technique. Hence, the resultant system can be regarded as a TD-CDMA data acquisition system. Two different frequency bands are used for the Fw-and Rv-link. Fig.7 is a time chart of operation of the experimental TD-CDMA system. The multiplexed CDMA channels were divided into 32 time-slots of 320milliseconds to operate in a polling mode. A group of eight terminals, say, terminals one through eight, is assigned to one of the 32 time sots. These eight terminals are multiplexed by the CDMA technique. The BS sends the polling command to each terminal of the same time-slot group. The eight terminals respond to transmit the data to the BS via CDMA channels. As a result, the BS collects the data from 256 (8x32) terminals in one polling cycle. One polling cycle takes 10.24seconds (=0.32 seconds ~3 2 ) . The experimental system was allowed to use a bandwidth of 1.5MHz by the authority. The chip rate was chosen at 1.2288Mcps (chips per second) for the CDMA channel. As described previously, the system was required to transmit 156B data in Fw-link and the 256B data in Rv-link in 320ms. The data transmission rate was chosen at 19.2ksps (symbols per second) for Fw-link and 9.6ksps for Rv-link, respectively. The processing gain was 64 and 128 for Fw-link and Rv-link, respectively. Table 2 shows the parameters for the data transmission of the experimental system. 
III. Experiments and Results
At present, the experimental system has 128 terminals only instead of 256. However, the data collection scheme is designed to have the ability to access 256 terminals by subdividing the polling cycle into 32 time slots instead of 16. Using that experimental system, the time required to collect 256B data from 128 terminals was measured and found at 10.24 seconds. Although every alternative time slot was idle in this experiment, the experimental results demonstrated that the system was capable of gathering 256B data from 256 terminals in 10.24 seconds. Communication error performance of the system was investigated in an experiment. In this experiment, 128 terminals were continuously accessed by the base station over a 72hour period and the number of frame error occurred in every polling cycle (10.24 seconds) was recorded in the log of computer in base station. The frame error rate (FER) was defined by a failure in transmitting the 320ms-frame of datahignal in either the Fw-or Rvlink. The error performance data thus obtained was analyzed to produce the results presented in Figs.8 through 10.
The FER was defined by (4) where E was the number of error frames accumulated over an elapsed time, N the number of polling cycles, and M the number of terminals. In the above, E was given by E -z k
where k was the number of failed frames in each polling cycle. A time-course record of FER is presented in Fig.8 . FER converged to about 13x10" in 72hours. To show the time-course behavior of the number of error frames, the experimental data was decimated and rearranged by extracting maximum value of the data per every lomimutes, and the result is shown in Fig.9 . Fig.9 suggests that errors occurred in multiple terminals in the same polling cycle.
To investigate this phenomenon, the probability of occurrence of k out of N connections attempted, p(k), was calculated using where n(k) was the number of occurrence of k.
Results are shown in Fig.10 , where p(k) is plotted along the ordinate and k along the abscissa. 10 shows that p(k) has a peak at k=8. We consider that this result may suggest the possibility of a communication failure mode in which all 8 terminals in a group suffer from the interference due to a common radio source in the IMS band. This problem is currently under investigation. 
IV. Conclusion
A wireless data acquisition system was proposed for monitoring city lifeline performance during con-and post-earthquake periods. Experiments have been carried out in Hamamatsu, Japan, since April 1999 using an experimental system consisting of 1 base station and 128 household terminals plus 128 dummy-household terminals. A TD-CDMA scheme with 32 (TD) x 8 (CD) multiplexing configuration was employed to transmit control signals, command signals and lifeline data between the base station and 256 terminals. Preliminary experimental results showed that the time required for the base station to acquire 256B data from 256 terminals was 10.24 seconds and the frame error rate was about 1.8 x These results indicate that the TD-CDMA technique described in this paper can readily be incorporated into the lifeline data acquisition network reported in [ 1 3 to improve its overall system performance.
